Thiazide-type diuretics are the most commonly used blood pressure (BP)-lowering drug for patients with uncomplicated hypertension. However, it has remained unclear whether hydrochlorothiazide (HCTZ) or chlorthalidone (CTD) shows better improvement in central aortic pressure. We conducted an open-label, randomized, prospective cross-over study with an 8-week active treatment (HCTZ of 25 mg with candesartan of 8 mg or CTD of 12.5 mg with candesartan of 8 mg) with a 4-week washout period (only candesartan during this period). Twenty-eight treatment-naı¨ve patients of hypertension were enrolled (mean age: 50 ± 9 years, male: 44.4%). Central aortic pressure, pulse wave velocity (PWV), augmentation index (AIx) and other BP-derived parameters were measured. After 8 weeks of active treatment, there was no significant difference in changes of central aortic pressure between HCTZ and CTD treatments (D ¼ À14±8 vs. À16±7 mm Hg, P ¼ 0.645). However, CTD treatment showed a significant reduction in PWV compared with baseline (1321 ± 194 vs. 1439 ± 190 cm s À1 , P ¼ 0.007) and HCTZ treatment (D ¼ À118 ± 82 vs. D ¼ 5 ± 72 cm s À1 , P ¼ 0.033), whereas HCTZ treatment showed a marginal, but not a significant reduction in AIx compared with baseline. In conclusion, CTD of 12.5 mg is as potent as HCTZ of 25 mg, when combined with candesartan of 8 mg, in lowering central aortic pressure. In addition, CTD treatment resulted in a significant reduction of PWV.
INTRODUCTION
Although thiazide-type diuretics are a favored initial treatment option for patients with uncomplicated hypertension, the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (JNC-7) guideline does not specify which drug from this class is preferred. 1 Among thiazide-type diuretics, hydrochlorothiazide (HCTZ) in a daily dose of 12.5-25 mg has been widely employed as initial therapy for most patients with hypertension, but recently chlorthalidone (CTD) has regained clinical usage as a substitute for HCTZ because of better clinical outcomes and blood pressure (BP)-lowering effects. 2, 3 Although CTD and HCTZ are structurally similar compounds, they are quite dissimilar pharmacokinetically. CTD is distinguished from HCTZ in that the former has an extremely long half-life and a very large volume of distribution owing to its extensive partitioning into red blood cells. 4 CTD, at half the dose, is more effective in lowering systolic BP (SBP) than HCTZ, mainly because of its BPlowering efficacy throughout the night time hours. 5 Therefore, it is postulated that difference in persistence of BP-lowering efficacy would contribute to differences in central BP and arterial stiffness.
Whether these two drugs have different effects on clinical outcomes remains unclear, but evidence indicates that the benefit of low-dose thiazide-based regimens to reduce cardiovascular events is primarily derived from studies using CTD, whereas HCTZ is inferior to other classes of hypertensive drugs, including angiotensin-converting enzyme inhibitors 6 and calcium channel blockers. 7 Furthermore, a retrospective comparative analysis demonstrated that CTD reduces cardiovascular events more than HCTZ. 3 Therefore, a recent guideline recommended the use of CTD or indapamide in preference to HCTZ. 2 The central arterial system serves as a conduit delivering blood to the organs and tissues, and acts as a 'buffer' by distending during cardiac ejection to provide an optimal and continuous peripheral blood flow. 8 The distending pressure in the large elastic arteries (aorta and carotid artery) is a key determinant of the degenerative changes that characterize accelerated aging and hypertension. In contrast, the muscular peripheral arteries, such as the brachial and the radial ones, are less influenced by these changes. 9 Central aortic pressure more accurately reflects loading conditions of the LV myocardium, coronary arteries and cerebral vasculature and, thereby, better relates to targetorgan damage and cardiovascular events than brachial pressures. [10] [11] [12] The object of the current study was to compare the effect of HCTZ and CTD on central aortic pressure, when combined with candesartan, in treatment-naïve patients of hypertension.
METHODS

Study patients
All subjects aged 30-69 years with never-treated hypertension who visited the Outpatient Department of Cardiology at St Paul's Hospital, Catholic University of Korea, from March 2010 to February 2011 were asked to participate in the study. Hypertension was defined as clinic SBP X140 mm Hg and/or diastolic BP (DBP) X90 mm Hg on X2 different occasions. None of the subjects were knowingly taking any form of antihypertensive drugs. All of the patients were Asians.
Patients were excluded for the following reasons: (1) office BP X180/ 110 mm Hg; (2) secondary hypertension; (3) hypokalemia (serum potassium o3.5 mEq l À1 ); (4) hyponatremia (serum sodium o135 mEq l À1 ); (5) current treatment for congestive heart failure; (6) type 1 or 2 diabetes; (7) renal insufficiency (serum creatinine X2.0 mg dl À1 ); (8) pregnancy; (9) history of ischemic stroke, unstable angina or myocardial infarction; (10) clinically significant valvular heart disease; (11) chronic atrial fibrillation; (12) known allergy to study medications; (13) severe noncardiovascular disease (for example, cancer or liver cirrhosis); and (14) chronic inflammatory disease.
This study was approved by the institutional review board of the Catholic University and St Paul's Hospital, and written informed consent was obtained from all of the participants.
Study design
We conducted an open-label, randomized, prospective cross-over study between HCTZ and CTD with an 8-week active treatment with a 4-week washout period (only candesartan during this period). The end points were evaluated in a blinded manner.
Study protocol
Subjects were initially treated with candesartan (8 mg per day) given once daily in the morning for 4 weeks. If clinic SBP and/or DBP exceeded the safety parameters of X180 mm Hg and/or 110 mm Hg, respectively, at any point during the run-in period, patients were withdrawn from the study. After completion of a run-in period, eligible patients were randomized to add either HCTZ (25 mg per day) or CTD (12.5 mg per day) to the candesartan. Patient randomization and allocation to treatment was performed using the envelope method by a researcher who was not involved in any other aspect of the study and blinded to the study procedure. The doses of HCTZ and CTD that were selected for the study were based on a previous review of the literature, which suggested that CTD is approximately two times as potent as HCTZ. 5, 13 Both treatments were given as a fixed dose for 8 weeks, and dose titration was not permitted, unless BP was o90/60 mm Hg or symptomatic orthostatic hypotension, dizziness and intolerance occurred. Patients were instructed not to take any antihypertensive medication other than study medications. Other drugs that had the potential to interfere with the safety and efficacy of the study medications were also not allowed. At baseline and at the end of the study, central BP and other related parameters were measured. Then, subjects were treated with only candesartan (8 mg per day) during a 4-week washout period and crossed over to the other drug for another 8 weeks. Before and after a second 8-week active treatment period, central BP and other related parameters were measured again.
Assessments
After 10 min of rest in a supine position, the subjects underwent radial applanation tonometry. An electrocardiogram and brachial cuff oscillometric pressure in the right upper arm were measured, with pulse tracings and ECG digitized at 1.2 kHz. Simultaneously, high-fidelity and left radial arterial pressure waveforms were recorded by a separate tonometer system (HEM-9000AI; Omron Healthcare, Kyoto, Japan), [14] [15] [16] consisting of a holder to immobilize the wrist, and a 40-element phased-array tonometer fitted within a wrist band and hold-down pressure were optimized by an automated servo motor. One of these 40 sensor elements was selected automatically to obtain the optimal radial pressure waveforms. The signals were digitized at 500 Hz. In addition, an augmentation index (AIx), defined as an increase in pressure from the first systolic shoulder to the peak pressure of the aortic pressure waveform expressed as a percentage of peak pressure, was measured for the indexes of wave reflections. 17 Because an AIx is influenced by heart rate (HR), an index normalized for HR 75 per min (AIx@75) was used in accord with the findings of Wilkinson et al. 18 All measurements were taken in the sitting position in a quiet, temperature-controlled room (22±1 1C) by a nurse who was not involved in the performance or interpretation of the study. All measurements were made in duplicate unless they differed by 45%, in which case a third reading was taken and the mean values were used in the subsequent analysis.
The following BP-derived parameters were evaluated: (1) pulse pressure (PP) was calculated as the difference between the respective SBP and DBP; (2) mean BP was calculated from the SBP and DBP by adding one-third of PP to DBP; (3) fractional PP was presented as the ratio of PP to mean BP to quantify the relative magnitude of the pulsatile-to-mean aortic pressure; 19, 20 (4) the ratio of PP to DBP (pulsatility index) was used as an index of aortic stiffness; 19 (5) PP amplification was calculated as the ratio of the brachial PP to the central PP; and (6) rate-pressure product, defined as the product of HR (b.p.m.) and SBP (mm Hg) divided by 10 2 , for the estimation of myocardial oxygen consumption, was calculated. 21 Finally, the brachial-ankle pulse wave velocity (PWV), a surrogate of vascular stiffness, was measured with a volume-plethysmographic apparatus (Form/ABI; Colin Company, Komaki, Japan). 22 The body mass index was calculated as the weight (kg) divided by the height (m) squared. The estimated glomerular filtration rate was calculated by the Modification of Diet in Renal Disease formula. 23 
Main outcome measures
The primary outcome was a comparison of changes in central BP from baseline to week 8 between HCTZ and CTD. Secondary outcomes analyzed included a comparison of changes in brachial BP, AIx, PWV and BP-derived parameters between HCTZ and CTD.
Sample size
We assumed a difference of 5 mm Hg in central SBP between the treatment groups, because a difference that large has been demonstrated to have prognostic significance. 12 A priori calculations suggested that a sample size of 27 should provide 80% to detect a difference in mean change of X5 mm Hg in central BP between the two treatments at the 0.05 significance level, assuming a standard deviation of 6.5 mm Hg. Total sample size was estimated to be 31 patients for the trial on the expectation of a 10% drop-out rate.
Statistical analyses
Continuous data were expressed as mean±s.d. and compared using an unpaired t-test; categorical data were expressed as number (percentage). The changes of BP and derived parameters from the beginning to the end of the 8-week active treatment period were compared with paired t-tests. Comparisons of change were regarded as primary efficacy variables, and others as secondary efficacy variables not to control the overall significance level in multitesting. A general estimating equation repeated measures analysis was performed to check for order effects of the test (HCTZ first group and HCTZ second group). For all tests, a P-value o0.05 was considered statistically significant. All statistical analyses were performed using SPSS for Windows (SPSS, Chicago, IL, USA), version 15.
RESULTS
Study population and baseline clinical characteristics
Thirty-two patients fulfilling the inclusion criteria were initially evaluated and underwent random allocations for the study drugs.
Of those, four were excluded because two suffered from dizziness and intolerance to the study drugs and the other two had withdrawn the consent form. Finally, of the 28 patients enrolled, 15 were initially allocated to the HCTZ/candesartan treatment and the remaining 13 were allocated to CTD/candesartan treatment. Of course, each group did cross-over to the other treatment combination.
Baseline characteristics of the patients are summarized in Table 1 .
Changes of brachial BPs between the two antihypertensive treatment combinations Patients were categorized into HCTZ/candesartan and CTD/candesartan assignments. After 8 weeks of the active treatment, both treatments achieved significant improvements in brachial SBP, DBP, PP, mean BP and rate-pressure product compared with baseline (Table 2 ). Only the HCTZ/candesartan treatment showed a significant increase in HR. However, there was no significant difference in changes of brachial BP and BP-derived parameters between the two therapies.
Changes of central BPs between the two antihypertensive treatment combinations A significant order-drug-time interaction implied the order in which the two drugs were given had a significant effect on differences of the magnitude of change in central SBP between the two drugs. After the planned patients completed both active treatments, an order-drugtime interaction was found not to be significant (P ¼ 0.170, data not shown). Moreover, a carryover effect was found not to be significant (P ¼ 0.395, data not shown). This ensured that there was an adequate washout period. After 8 weeks of active treatment, both drug combinations showed significant improvements in central SBP, DBP, PP and mean BP (Table 3) . Fractional PP and pulsatility index were marginally reduced with HCTZ/candesartan, but this was not significant. Rate-pressure product was significantly improved with CTD/candesartan treatment compared with baseline. However, there was no significant difference between the two treatment regarding changes in central BP or changes in BP-derived parameters.
Changes in aortic stiffness between the two antihypertensive treatment combinations After 8 weeks of active treatment, the CTD/candesartan treatment showed a significant reduction in PWV compared with baseline and the HCTZ/candesartan treatment, whereas the HCTZ/candesartan treatment showed a marginal, but nonsignificant, reduction in AIx and AIx@75 compared with baseline (Table 4) . 
DISCUSSION
The main finding of this study was that changes in central BPs were not significantly different between the HCTZ (25 mg per day) and CTD (12.5 mg per day) treatment combined with candesartan after an 8-week active treatment. Central BP can be measured invasively by the use of a catheter (fluid-filled or high-fidelity micro-tip pressure transducers), but it has not got widespread use in large epidemiological studies and in daily clinical practice because of technical limitations and high costs. In contrast, noninvasive techniques have provided a great impetus for the spread of central pressure estimation in clinical practice. The application of generalized transfer functions for the indirect estimation of aortic pressure waveforms based on pressure recordings at the radial artery. 24 The correspondence between calculated and directly recorded central BP has been found to be within 1 mm Hg. [25] [26] [27] Several potential mechanisms could explain the reason why there were no differences in central BPs between HCTZ and CTD treatment in our study. First, it is possible that candesartan might lessen the effect of thiazide-type diuretics. It is known that various antihypertensive drugs have differential effects on central SBP, despite their similar effects on brachial SBP. 12, [28] [29] [30] [31] [32] Indeed, inhibitors of the renin-angiotensin system cause a greater fall in central BP. 31, 33 However, diuretics are not as effective as vasodilating drugs in reducing central SBP, 29, 34 because they poorly modify the microvascular structure. 35 Angiotensin receptor blockers are one of the first-line antihypertensive drugs for most patients, but monotherapy achieves the target BP that is recommended by the treatment guidelines 36, 37 in only a limited number of patients. Thus, combination therapy is required in a majority of patients. 36 A thiazide-type diuretic is commonly used in combination with angiotensin receptor blocker because it has an additive effect on BP reduction due to the complementary mechanisms of action of the components, 36 and the efficacy of this combination has been demonstrated in many clinical trials. 32, 38, 39 Although we designed a comparison adopting combination drugs rather than diuretics alone to reflect real-world antihypertensive therapy, angiotensin receptor blockers might have attenuated the effect of diuretics on central BP. Second, central aortic pressure is dependent not only on PWV but also on AIx. 40 The reduction in PWV and AIx has a significant role in central SBP reduction. Therefore, the different responses of two hemodynamic measurements in our study may explain why the central BPs were not different between HCTZ and CTD treatment. Third, an increase in HR is associated with lower central aortic pressure. 12, 28, 31, 34 Our study displayed HR increases in HCTZ treatment, which may cause a potential bias and contribute to an unexpected result. Fourth, a previous study demonstrated that the CTD was more effective in lowering BP during night time hours than HCTZ, but failed to show any difference in office BP and BP during the day time hours. 5 Therefore, the measurement of central aortic pressure in day time Baseline (0 week) 54 ± 11 53 ± 10 0.347 End of study (8 weeks) 46 ± 9 4 7 ± 9 0 . 5 9 5
Change (95% CI) À8 ( À13 to À3)* À6 ( À10 to À2)* 0.501
End of study (8 weeks had an inherent limitation, but measuring central BP during the night time has been unavailable. Our study has several strengths and implications. First, to our knowledge, our trial is the first study to compare the effect on central BPs between HCTZ and CTD. Our results lend further support to the notion that HCTZ and CTD, using half the dose of HCTZ, present similar BP-lowering efficacy even in central BP.
Second, interestingly, the impact on arterial stiffness between the two treatments displayed different results depending on the evaluation methods. The PWV is likely to be a better measure in older individuals (450 years) but AIx might be a more sensitive marker in younger individuals (o50 years). 41 Taken together, we assume that there is a different response between the HCTZ and CTD according to age in terms of arterial stiffness. Anyway, CTD treatment significantly reduced PWV compared with baseline and HCTZ, whereas HCTZ shows a trend toward reduction of AIx.
The increased arterial stiffness is believed to originate from a medial calcification, 42 and a correlation between PWV and large artery calcification has been shown. 43 Thiazide-like diuretic is known to inhibit carbonic anhydrase, the major source of protons used by osteoclasts, resulting in inhibition of medial calcification, 44 and CTD more potently inhibits carbonic anhydrase than HCTZ. 45 Therefore, this may explain a greater decline in PWV during CTD treatment. Vascular stiffness may better summate chronic damage to blood vessels from aging, hypertension and diabetes than brachial or even central BP. 11 PWV has been related to cardiovascular risk in hypertensive patients, 46 the elderly, 47 patients with end-stage renal disease 48 and population-based samples. 49 Therefore, better reduction in PWV than HCTZ may contribute to decrease in cardiovascular events.
The beneficial effect on AIx in the HCTZ treatment can be explained, at least in part, by a substantial increase in HR. HR is an independent determinant of AIx and an increase in HR can result in a decrease in AIx. 18 However, AIx@75 that is independent of the HR influence also showed a marginal decrease in our study.
Third, there are only a few fixed-dose antihypertensive combinations that contain CTD, whereas HCTZ combo drugs are abundant. 4 Because CTD treatment causes similar reductions in central aortic pressure and peripheral BP with half the dose of HCTZ, manufacturing fixed-dose combinations containing CTD should be more prevalent.
There are limitations to our study. First, although the power calculation was based on anticipated central pressure difference, the study population was too small to detect significant difference in central BP, given the large s.d. Based on our results, over 500 subjects would be needed to show a superiority of CTD in reduction in central BP. Second, the study period was relatively short. It is important to evaluate longer-term treatment to clarify the effect of these combination therapies on central aortic pressure. Third, a potential weakness is that the calibration of central aortic pressures depends on the accuracy of the brachial pressure measurement. 50, 51 Forth, we compared only two commonly used doses of each drug, and it is unclear whether no difference in central BPs would persist in other doses. Fifth, this was not a double-blind study. However, the open-label, randomized, prospective cross-over, blinded end-point design is often used, and if it is designed and conducted properly, the results are not thought to be biased. 52 Moreover, all of the critical measurements were performed by an investigator who was blinded to treatment allocations. Sixth, pretreatment with angiotensin receptor blocker might create a bias in patient selection. Seventh, the development of hypokalemia, major side effect, was not compared. Eighth, our study population was limited to Asians and results may not be applicable to other populations.
CONCLUSION
Our study compared the antihypertensive efficacy of usual recommended doses of HCTZ (25 mg per day) and CTD (12.5 mg per day) on central aortic pressure. We found that CTD, at half the dose, is as potent as HCTZ (both combined with candesartan) in lowering central aortic pressure. In addition, CTD resulted in a significant reduction in PWV, whereas HCTZ showed a trend toward reduction of AIx.
